Surface pattern determined by vertical convection on Rayleigh-Taylor
  instability by Shimokawa, Michiko
 Surface pattern determined by vertical convection on 
Rayleigh-Taylor instability 
Michiko Shimokawa 
Center for Frontier Science, Chiba University 
1-33, Yayoi-cho, Inage-ku, Chiba-shi, Chiba, 263-8522, Japan 
 
Abstract 
 Relationship between a surface pattern and vertical convections is studied in a 
condition of Rayleigh-Taylor instability. The vertical convections change with the case 
configuration and the aspect ratio r / h of the case, where r and h show radius of case 
and height of the lighter solution. Fractal pattern is observed at r < h, and cell pattern is 
formed at r > h. According to the changes of the surface pattern, the vertical convection 
transfers to some convections from coupled convections. This result shows that the 
surface pattern is strongly influenced by the vertical convection. 
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1．INTRODUCTION 
Convection is found in various field of science, such as the mantle
1-3
, 
atmospheric circulation
4-5
, thermohaline circulation
6
 and bioconvection
7-9
. Especially, 
Rayleigh-Benard convection, which is representative example as heat transport, has 
absorbed topics in physics, since it has deep relationship with chaos observed in the 
process to turbulence flow from laminar flow
10-17
. In the process to turbulence flow 
from laminar flow, Benard convection appears. Various patterns, such as the hexagonal 
and tetragonal shapes and belt-like pattern, are observed at the surface of convection. 
The pattern and its size depend on configuration of experimental container, and then the 
vertical flow changes. It is reported that the surface pattern is determined by the vertical 
convection
16－17.  
Recently, a new type of annihilative fractal formed in the condition of 
Rayleigh-Taylor instability was reported 
18
. In the formation process of the fractal, a 
heavier solution sinks toward the bottom and a lighter solution rises toward the surface 
according to volume conservation. This behavior causes the vertical convection. The 
surface pattern is determined by the vertical flow, which is similar to Benard convection. 
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In this paper, I report on the dependence of surface pattern by vertical flow in 
experiments with some configurations of cases and aspect ratio. 
 
2．EXPERIMENTAL PROCEDURE 
Rayleigh-Taylor instability, 19-21 which shows vertical disturbances at the 
surface, occurs when heavier solution is put on lighter solution. Milk and glycerine 
solution are used as lighter solution. The densities of milk and glycerine solution are 
1.03g/ml and 1.21 g/ml, respectively. The glycerin solution consists of glycerin 
(WAKO), white watercolour and water. White watercolor 0.50g is melted in water 100g 
for clarity of the surface pattern. The solution and glycerine are mixed with the same 
masses, and the glycerine solution is completed. The magnetic fluid with density 1.40 
g/ml (Taiho Kozai, Ferri Colloid W-40) is used as heavier solution. This is a colloidal 
mixture composed of magnetite, but it is not magnetized. Thus, the magnetic fluid can 
be recognized just as a high density liquid in our experiments. The both densities of 
milk and glycerine solution are lighter than that of magnetic fluid, and it satisfies the 
condition of Rayleigh-Taylor instability. The colours of heavier and lighter solution are 
black and white, respectively, because of image binarization and clear visualization. 
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The configurations of the experimental cases are cylinder, star pole, triangle 
pole and doughnut-shaped case. The cross-section view of doughnut-shaped case is 
shown in Fig. 1 (b).  
An experimental procedure is as follows: The lighter solution is poured into a 
tall beaker until it reaches to the mark of h  cm as shown in Fig. 1 (a). The beaker 
stands for 10 min or more for the fluid to come to rest. Next, magnetic fluid of 0.2 ml 
droplet is placed silently at the surface center of lighter solution with a pipette, as shown 
in Fig. 1 (a). The experiment is recorded using a digital video camera (Sony HDR-FX1). 
The shutter speed of the camera is 60/1  s and the resolution is 480640 pixels. The 
time evolutions of a surface pattern and a vertical flow are captured from the position of 
Camera 1 and Camera 2 in Fig. 1, respectively. A macro lens (Raynox DCR-150) is 
attached to the digital video camera to increase clarity. 
 
3. RESULTS AND DISCUSSION 
In order to confirm an effect of a configuration of an experimental case, surface 
pattern is investigated in experiments using a circular case in Fig. 2 (a), a star case in 
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Fig. 2 (b) and a triangle case with a corrugated wall in Fig. 2 (c). In this experiment, 
milk is used as lighter solution. These analysed results by box counting method shows 
in Figs. 2 (d)-(e), which correspond to Figs. 2 (a)-(c), respectively. The results show that 
all patterns in Figs. 2 (a)-(c) have fractal structure, whose dimensions are 1.88, 1.88 and 
1.89 respectively. These fractal dimensions are very close to each other. Therefore, 
these patterns are regarded as the same. These have a common point that the branches of 
fractal pattern gather around at the gravity center.  
In order to investigate how pattern is formed when the solution cannot access the 
gravity center, the donuts shaped case in Fig. 1 (b) is used. The internal diameter and 
the width of the channel are 5.0 cm and 2.5 cm as shown in Fig. 1 (b), respectively. 
Figure 3 (a) shows the surface pattern observed in experiments using a donut case. The 
expanded picture is shown in Fig. 3 (b). The pattern is investigated by density-density 
correlation function and box counting method, whose results show in Figs. 3 (c) and (d). 
These results show that the pattern in Fig. 3 (b) is fractal, and the obtained dimensions 
are 1.82 and 1.83, respectively. Branches in Fig. 3 (b) gather at median line between 
internal and external walls. This pattern is different from ones in Figs. 2 (a)-(c) whose 
branches gather around at the gravity center of the container.  
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Above results imply a close relationship between the surface pattern and the 
vertical flow. The coupled convection occurs between a wall and the kitty-cornered wall, 
which is supported by reference [18]. In Fig. 2 the coupled convections are connected 
around at the gravity center. On the other hand, the coupled convections gather toward 
the medium line of walls in Fig. 3. These results lead the consideration that the 
convection is important for the determination of the surface pattern.  
The surface pattern is also investigated using the case in varies of radius r and 
depth h, because it is considered that the experimental case size is important according 
to the report of Benard convection. In the experiments, glycerine solution is used as 
lighter fluid instead of milk. It is reported that the dynamics of the surface pattern 
formation is similar to experiments using milk
18
. Figures 4 (a) and (b) show surface 
patterns in the conditions of 35.r  cm, 07.h  cm and 35.r  cm, 04.h  cm, 
respectively. A new type of cell pattern, shown in Fig. 4 (b), is also found in the 
experiments. When fractal and cell patterns are formed, the vertical flows in Figs. 4 (c) 
and (d) are observed. In the formation of fractal pattern, magnetic fluid gathers at the 
center of the beaker and sinks vertically as shown in Fig. 4 (c). On the other hand, in the 
formation of the cell pattern magnetic fluid sinks at several points; branches do not 
gathers at the center as shown in Fig. 4 (d).  
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  Next, I investigate the transition between fractal and cell patterns in 
experiments with varieties of radius r and depth h. As shown in Fig. 5 (a), the fractal 
pattern emerges at r < h, and the cell pattern is observed at r > h. This result shows that 
the pattern transition to fractal pattern from cell pattern occurs at r = h. At the same time, 
the type of the vertical convection transfers to that of Fig. 4 (c) from Fig. 4 (d).  
Let us consider the relationship between the vertical convection and the surface 
pattern. When the magnetic fluid sinks, glycerine rises according to the volume 
conservation of two solutions. This behaviour causes the convection by the glycerine 
solution and magnetic fluid. In the process, glycerine solution, which rises toward the 
surface, displaces to the magnetic fluid, and sinking regions by magnetic fluid draw the 
line of the surface pattern. 
If several convections develop as shown in Fig. 5 (b), then magnetic fluid at the 
surface is displaced by rising of the glycerine at several regions. It leads the formation 
of cell pattern as shown in Fig. 4 (b), whose line is drawn at the boundary of 
convections. On the other hand, only coupled convections exist between walls in the 
formation of fractal as shown in Fig. 5 (c). The sinking point, shown as heavy line in 
Fig. 5 (c), is only at the center, where almost agrees with the gravity center. According 
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to the flow, branches of fractal pattern also gather at the gravity center. This is why 
pattern has a symmetrical geometric for the gravity center. This consideration shows the 
vertical flow, especially the position of sinking point, is important for the determination 
of the surface pattern.  
The result of Fig. 3 also supports the consideration. Magnetic fluid sinks at the 
center line between walls, and the coupled convection develops along the line. The 
surface pattern depends on the convection, and branches gather at the center line in Fig. 
3 (b). These results show that it is important for the fractal formation that magnetic fluid 
flows toward only one region at the surface. 
It is considered that the formation process of the fractal is similar to viscous 
fingering
23-26
, that the solution of low viscosity breaks in that of high viscosity. In this 
experiment, solutions of lower and higher viscosity correspond to glycerine and 
magnetic fluid, respectively. Previous report
18
, that fractal pattern starts to form from 
surrounding of pattern. This result supports the above consideration. Number of sinking 
point as singularity, however, is difference between viscous fingering and this 
experiments. Ordinary viscous fingering has one singularity. On the other hand, some 
singularity points exist in this experiment. In future, it would be interesting to compare 
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wavelengths between this fractal structure and ordinary viscous fingering 
27-28
. In 
addition, it would be interesting to investigate the pattern transition in the variety of the 
viscosity. 
 
4. SUMARRY 
I investigate the surface pattern at the variety of case configuration and aspect ratio. 
In this experiment, it is clarified that the surface pattern depends on the vertical flow. In 
the formation of fractal pattern, magnetic fluid at the surface gathers at the center and 
sinks according to coupled convection. On the other hand, magnetic fluid sinks at some 
regions in the formation of the cell pattern. The transition of surface pattern and vertical 
flow occurs at hr  . 
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Figure captions 
 
Fig. 1 (Color online) (a) Schematic drawing of experimental procedure. Radius of 
beaker and depth of glycerine solution are shown as r  and h . The surface 
pattern and vertical flow of magnetic fluid are captured at the positions of 
Camera 1 and 2, respectively. (b) Schematic drawing of donut-shaped case. The 
internal diameter and the width of channel are 5.0 cm and 2.5 cm, respectively. 
Milk as the lighter solution is poured into the channel. 
 
Fig. 2 (Color online) (a)-(c) Fractal patterns obtained from experiments with (a) 
circle case, (b) star case and (c) triangle case, respectively. (d)-(f) Fractal 
dimensions obtained from box counting method. The data correspond to these 
of (a)-(c), respectively. Box sizes and box numbers represent as   and )(N . 
 
Fig. 3 (Color online) (a) Snapshot of surface pattern obtained from experiments 
of doughnut-shaped container in Fig. 1(b). (b) Expanded picture of (a). (c) 
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Fractal dimensions obtained from density-density correlation function. The 
distance between two pixels and correlation function represent as r  and )(rC . 
(d) Fractal dimensions obtained from box counting method. Box sizes and box 
numbers represent as   and )(N . 
 
Fig. 4 (Color online) (a), (b) Surface patterns captured by Camera 1 in Fig. 1. 
Fractal pattern of (a) is observed at 03.r   cm and 06.h   cm. Otherwise, cell 
pattern of (b) is observed at 05.r   cm and 52.h   cm. (c) and (d) are vertical 
flows, captured using Camera 2 of Fig. 1. In the observation of vertical flows, 
glycerine solution is used without white watercolour for visualization. The 
pictures are observed in the condition of (c) 05.r   cm, 56.h   cm and (d) 
05.r   cm, 02.h   cm. These correspond to the observed region of fractal and 
cell patterns, respectively.  
 
Fig. 5 (Color online) (a) Phase diagram on surface pattern. The radius of beaker 
and depth of glycerine are shown as r  and h . Open circles and closed 
triangles show cell and fractal patterns, respectively. The region, shown as 
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opened squares, is where both of cell pattern and fractal pattern are observed. 
(b), (c) Schematic drawings of vertical flow in the observation of cell and fractal 
patterns, respectively. 
 
